Background: Recent reports from cancer screening trials in high-risk populations suggest that autoantibodies can be detected before clinical diagnosis. However, there is minimal data on the role of autoantibody signatures in cancer screening in the general population.
antitumor immunity to magnify the immune response to tumour antigens. Recent reports from cancer screening in high-risk populations, such as smokers, patients with chronic obstructive pulmonary disease and asbestosis has shown that autoantibodies are detectable before radiographic detection in 26.5% of lung cancer patients (Trivers et al, 1996; Soussi, 2000; Li et al, 2005; Zhong et al, 2006; Qiu et al, 2008) . There are however few data on such signatures in the general population and their role in early detection of cancer.
A likely candidate in such a diagnostic panel is p53, inactivation of which is a common event that occurs early in cancer development in many malignancies. Serum p53 autoantibodies are reported in many cancer patients and there is growing interest in their role in early detection of cancers (Soussi, 2000) . Cancerselective mutations cause overexpression, conformational stabilisation, nuclear accumulation and increase in circulatory half-life of mutated p53 (Winter et al, 1992; Casey et al, 1996) , and result in induction of antibodies to several different immunodominant areas in p53 (Schlichtholz et al, 1992; Labrecque et al, 1993) .
It is common for the initial reported performance of early detection markers not to be validated in independent data sets . It is likely that systematic bias in the selection of both cases and controls has a significant role. Hence, it has been suggested that biomarker study design should involve blinded evaluation in nested case-control studies within clinically relevant prospective cohort studies, where specimens have been banked before outcome ascertainment (Pepe et al, 2008) . In keeping with this, we have evaluated the potential of p53 autoantibody signature in serial serum samples banked before colorectal cancer diagnosis in the United Kingdom Collaborative Trial of Ovarian Cancer Screening (UKCTOCS). We chose colorectal cancer as the exemplar, as it is one of the common cancers and contributes to a significant proportion of cancerrelated death in the western world (GLOBOCAN; http://globocan.iarc.fr/). A blinded evaluation of informative p53-peptide epitopes was undertaken using an approach similar to the microarray strategy we recently developed to detect cancerassociated autoantibodies (Pedersen et al, 2011) .
MATERIALS AND METHODS

Samples
Sample set used to identify informative peptides. Two sets of sera, time of diagnosis sample set 1 and 2 from patients with colorectal cancer and controls were obtained from Asterand, Inc., Detroit, MI, USA. All cancer sera from Asterand, Inc., were taken before any cancer treatment, including surgery. Sample set 1 consisted of 58 cases (male, n ¼ 33, female, n ¼ 25) and 53 controls (male, n ¼ 33, female, n ¼ 20). Sample set 2 consisted of 157 cases (male, n ¼ 86, female, n ¼ 71) and 40 controls (male, n ¼ 20, female, n ¼ 20). Controls were sex-matched healthy volunteers.
Sample set from the UKCTOCS. Sample set from the UKCTOCS: Serum samples were obtained from women participating in the UKCTOCS (Menon et al, 2008 (Menon et al, , 2009 ). In the UKCTOCS trial (Menon et al, 2008) , 202 638 postmenopausal women aged 50-74 years were recruited in 2001-2005, following random invitation from the population register. Exclusion criteria included bilateral oophorectomy, active malignancy, previous ovarian cancer and increased risk of familial ovarian cancer. They were randomised to the multimodal (annual screening using serum CA125, n ¼ 50 640), ultrasound (annual screening with ultrasound, n ¼ 50 639) or control group (n ¼ 101 359). At recruitment, written consent was obtained for use of data and samples in future secondary studies. Approval for use in this study was obtained from the Joint UCL/UCLH Committees on the Ethics of Human Research (Committee A) (Amendment 4, 31 June 2009). All participants are followed through a 'flagging study' with the NHS Information Centre for Health and Social Care in England and Wales and via the Central Services Agency and Cancer Registry in Northern Ireland. This provides notification of cancer registrations or deaths in the cohort. Up-to-date cancer registration data was obtained from the agencies in December 2009. Cancer notification in the controls was re-checked on 16 February 2011, to confirm that none of the controls had developed a cancer while the study was underway. The cases were women in the multimodal group of the UKCTOCS with more than one serum sample who were diagnosed with malignant neoplasm of colon, rectosigmoid junction or rectum (ICD-10 codes C18, C19, C20) up to 3 September 2009 after randomisation to the trial. Controls were women from the same centre who had no history of any cancer at last follow-up (16 February 2011) and had donated serum samples in the same year as the case. Controls were matched to cases using age (within 5 years) at the last sample before diagnosis in a 1 : 1 ratio. For baseline characteristics, (Table 1) .
At all 13 trial centres, blood samples were collected into Greiner Bio-One gel tubes (Greiner Bio-One Ltd., Stonehouse, Cat. no.: 455071) and shipped overnight to the central laboratory. The blood was centrifuged at 4000 r.p.m. for 10 min and 500 ml aliquots of serum dispensed into straws (MAPI CryoBioSystem, Cryo Bio System, Paris, France) that were heat sealed, barcoded, databased and frozen using a two-stage process; 24 h at À 801C and then in liquid nitrogen (vapour phase at À 1801C). For this study, samples were thawed and immediately aliquoted into 2D barcoded tubes (0.5 ml Tracker Tubes in Loborack, MP52325, Micronics, High Wycombe, UK), refrozen at À 801C and shipped frozen to the University of Copenhagen where they were assayed blinded to the case-control status.
p53 peptide microarray. 15-mer peptides with 10-amino-acid overlap representing the whole p53 protein (Supplementary data 1) were printed on Schott Nexterion Slide H (Schott AG, Mainz, Germany) as described (Pedersen et al, 2011) . In brief, peptides were printed on a BioRobotics MicroGrid II spotter (Genomics Solution, Ann Arbor, MI, USA) using Stealth 3B Micro Spotting Pins (Telechem International ArrayIt Division, Arrayit Corporation, Sunnyvale, CA, USA). Human sera, diluted 1 : 25 (1 ml in 25 ml PBS with 0.05% Tween-20 (PBS-T) for MPX16 and 1 : 4 for MPX48 (1 ml in 4 ml PBS-T), were incubated on the slides in a closed container at room temperature with gentle agitation for 1 h, washed three times in PBS-T, followed by 1 h incubation with Cy3conjugated goat anti-human IgG (Fc specific) diluted 1 : 5000 in PBS-T. Slides were washed and scanned in a ProScanArray HT Microarray Scanner (PerkinElmer) followed by image analysis with ProScanArray Express 4.0 software (PerkinElmer, Waltham, MA, USA). Each spot was done in three or four replicates and the mean value of relative fluorescence intensity was used. For comparison, slides were scanned with identical scanning parameters. Data were analysed and plotted using Microsoft Excel or GraphPad Prism software (GraphPad Software, Inc., La Jolla, CA, USA). The intraassay variation of spot triplicates was less than 10%. Coefficient of variation values of the inter-assay variations were between 17% and 26% for peptides with relative fluorescence intensity values in the dynamic range between 25 000 and 40 000. Peptides with relative fluorescence intensity values above 50 000 had coefficient of variation values 2-5%.
The UKCTOCS samples were randomised, coded and blinded for the investigators performing the microarray analysis. The code was revealed after the complete data set was completed and quantified.
p53 protein ELISA assay. The last serial sample obtained from each individual in the UKCTOCS case-control study was assayed using commercial p53 protein ELISA assay (Dianova GmbH, Hamburg, Germany) (Rohayem et al, 1999) . In addition, all serial samples from women who had autoantibodies to p53 peptides in the microarray were tested.
Statistics. For each peptide, or p53 protein in the ELISA assay, sensitivity was determined at 95% specificity. Reactivity was defined as elevated if it was above the cutoff defined by the 95% percentile in the corresponding control samples. Sensitivity and AUC of the receiver operating characteristic curve were calculated. To investigate if combining the information of several key peptides (selected as those with sensitivity greater than 10% in the UKCTOCS samples when specificity was set at 95%) improves predictive performance, a multivariate classifier approach was evaluated. Four different discriminant analysis (DA) methods were assessed (linear, quadratic, logistic and kth nearest neighbour DA) using leave-one-out cross-validation, where the discriminant function was determined with each sample left out in turn, and then used to classify that sample.
RESULTS
Sera obtained at the time of diagnosis were used for selecting relevant peptides (time of diagnosis sample set 1) and consisted of 58 colorectal cancer patients (male; n ¼ 33, female; n ¼ 25; mean age 60.3 years s.d. 7.5) and 53 controls (male; n ¼ 33, female; n ¼ 20; mean age 46.4 years s.d. 6.4). The patient sera were tested for autoantibodies to 15-mer p53 peptides covering the full sequence of the native p53. In all, 18 out of 78 p53 peptides (p53-4, -5, -9, -10, -14, -25, -27, -34, -39, -41, -45, -58, -59, -78 ) detected autoantibodies in 10% or more of the cancer patients with a specificity of 95% ( Figure 1A) . These peptides were selected and their biomarker value verified in a second set of serum samples (time of diagnosis sample set 2) to confirm the selected peptide targets. This set consisted of 157 (male ¼ 86, female ¼ 71) colorectal cancer patients whose mean age was 59.3 years s.d. 8.0. In all, 69 were stage I, 69 were stage II and 19 were stage III. The controls consisted of 40 subjects (male ¼ 20, female ¼ 20, mean age 38.7 years s.d. 7.7). Elevated levels of autoantibodies to 11 of the 18 p53 peptides (p53-4, -5, -9, -10, -14, -25, -34, -43, -44, -45, and -58) were found in over 10% of the cases ( Figure 1B and Table 2 ). No obvious gender-related differences in p53 responses were found with the 18 selected peptides.
In the UKCTOCS, 50 640 women were randomised to the multimodal group. Median follow-up was 6.78 (inter-quartile range 5.89-8.43) years. Colorectal cancer notification was received for 101 women who had donated more than one sample before diagnosis. A total of 97 (297 serial samples) women with colorectal cancer of the 101 who had given consent for secondary studies and 97 agematched controls (296 serial samples) were initially included in the study. Three controls were subsequently excluded from the analysis because of notification of cancer diagnosis at final follow-up. The majority of the cases were diagnosed before the roll out of the bowel cancer screening programme in the United Kingdom. Of the 97 women, there were 2 (2%) women diagnosed in 2003, 9 (9%) (Fourkala et al, 2012) .
The mean age at randomisation was 65.1 (s.d. 5.8) for cases and 64.6 (s.d. 5.9) for controls. There were no difference in baseline characteristics between cases and controls except for possible higher use of hormone replacement therapy at recruitment in those who developed colorectal cancer (P ¼ 0.028). There was no difference in p53 peptide response in controls when we compared HRT users with non-HRT users, where Mann-Whitney tests showed a non-significant result for all 18 peptides (P-values ranged between 0.067 and 0.916).
In samples from the UKCTOCS set taken nearest to diagnosis, autoantibodies to 11 of the 18 p53 peptides were elevated in over 10% of cases (p53-5, -9, -10, -25, -26, -34, -42, -43, -44, -58, -78), of which 8 peptides were identical to the peptides identified in the time of diagnosis sample set 2. The two best performing peptides, p53-9 and p53-10, each detected 21.6% and 23.7% of the colorectal cancer patients, respectively, whereas the peptides p53-5, -25, -34, -43, -44 and -58 each detected between 10% and 20% of the patients with a 95% specificity, which is similar to the results obtained with time of diagnosis sample set 2 ( Figure 1C and Table 2 ). Three additional peptides had sensitivities over 10% only in the UKCTOCS set, p53-26, p53-42 and p53-78 detecting 13.4%, 11.3%, and 20.6%, respectively, of patients with 95% specificity. In contrast, p53-4 and p53-34 failed to demonstrate the same A B C 0 20 000 40 000 60 000 4 5 9 1 0 1 4 2 5 2 6 2 7 3 4 3 9 4 1 4 2 4 3 4 4 4 5 5 8 5 9 7 8 4 5 9 1 0 1 4 2 5 2 6 2 7 3 4 3 9 4 1 4 2 4 3 4 4 4 5 5 8 5 9 7 8 4 5 9 1 0 1 4 2 5 2 6 2 7 3 4 3 9 4 1 4 2 4 3 4 4 4 5 5 sensitivity in UKCTOCS as seen in the time of diagnosis set. No evidence was found of any association between the age of the patients and the presence of autoantibodies, excluding differences in age between the different sample sets as a possible explanation of the small differences in recognised p53 epitopes. The four best performing peptides in the UKCTOCS cases (p53-9, p53-10, p53-25, p53-78), were selected to form part of a DA aiming to correctly classify each sample in turn using a discriminant function based on the remaining samples ('leaveone-out' cross-validation) (Supplementary data 2) . Quadratic DA demonstrated a sensitivity of 25.8% at 95% specificity. Using the 'leave-one-out'-predicted probabilities to create a receiver operating characteristic curve, the AUC was calculated as 0.608 (95% CI: 0.527-0.688). Kth nearest neighbour DA achieved an AUC of 0.674 (95% CI: 0.597, 0.750) but only had a sensitivity of 16.5% at 95% specificity.
Analysis of serial samples taken before diagnosis in individual cancer cases demonstrated early development of autoantibodies to the top four (p53-9, -10, -25, -78) of the 11 immunogenic p53 epitopes (Figure 2 ; remaining peptides in Supplementary data 3). Autoantibodies to p53-10 were detected in 23 colorectal cancer cases and were already detectable in 10 of the patients at the time the first serum sample was collected, a median of 2.1 years (range 1.0-3.8) before diagnosis. In the remaining 13 patients, p53-10 autoantibodies developed at a median of 0.8 (range 0.1-2.6) years before diagnosis. Overall, the four most informative peptides collectively identified colorectal cancer patients at a median lead time of 1.4 (range 0.1-3.8) years before clinical diagnosis. Specificity was 95%. As time progressed additional peptides were recognised, demonstrating epitope spread most likely consequent on increasing accumulation of mutated p53 (Figure 3 , Supplementary data 3 and 4).
Using a p53 protein ELISA test, 11 cases tested positive compared with the 25 cases that tested positive with the peptide array ( Figure 1C, Supplementary data 5) . When serial samples were analysed, we detected 11 cases 1.2 years before time of diagnosis with the ELISA assay compared, whereas this was extended to 1.4 years before diagnosis using the most informative p53 peptides on the microarray (Figure 3 ).
DISCUSSION
To our knowledge, this is the first large-scale study in the general population exploring the development of p53 autoantibodies using serial samples taken from women before clinical diagnosis of cancer. p53 autoantibodies were found in 26% of colorectal patients with a median lead time of 1.4 (range 0.12-3.8) years and a specificity of 95%. Early development of autoantibodies to certain immunogenic p53 epitopes was followed by autoantibodies to additional peptides as time progressed towards diagnosis.
The strengths of our study included use of (1) a prospectivespecimen collection, retrospective-blinded-evaluation study design (Pepe et al, 2008) , (2) a cohort where the screening intervention had minimal impact on the incidence of the cancer of interestcolorectal in our study, (3) detailed follow-up using the national cancer registry, (4) inclusion of samples from 96% of women with serial samples who were identified to have developed colorectal cancer after randomisation, (5) no significant difference in baseline characteristics of cases and controls, (6) blinded assay to avoid handling bias, and (7) simultaneous and sensitive detection of autoantibodies to multiple target epitopes. The main limitation is that data were not available with regard to mode of diagnosis or stage of the cancers, as this was not provided by the cancer registry. As most of the cancers were diagnosed before implementation of the UK colorectal screening programme (National Health Service UK; http://www.cancerscreening.nhs.uk/bowel), it is likely that they were diagnosed following symptomatic presentation. In addition, although the cohort was recruited through random invitation from population registers, it has lower mortality rates compared with the general population due to a healthy volunteer effect (Burnell et al, 2011) . However, it is likely that a similar healthy volunteer effect exists in individuals enrolled in screening programmes for colorectal cancer.
Hormone replacement therapy use at recruitment was higher in those who developed colorectal cancer (Po0.05). This is in keeping with recent data from prospective cohort studies, where a positive association between serum oestrogen and colorectal cancer risk has been noted (Zervoudakis et al, 2011) . Although hormone replacement therapy has been reported to have confounding effects in protein biomarker studies (Pitteri and Hanash, 2011) , we found no difference in p53 peptide response in the controls when we compared HRT users in the controls with non-users. This suggests that it is unlikely that the observed differences in p53 autoantibodies between cancer patients and controls were related to HRT use.
We detected autoantibodies in pre-diagnostic samples of 25.8% of colorectal cancer patients with a specificity of 95%. This is in keeping with clinical studies, which have found autoantibodies to p53 at diagnosis in 5-24% of colorectal cancer patients (Houbiers et al, 1995; Sthoeger et al, 1997; Hallak et al, 1998; Kressner et al, 1998; Tang et al, 2001; Lechpammer et al, 2004; Saleh et al, 2004; Suppiah et al, 2008; Liu et al, 2009) . Several peptide sequences from the p53 protein were identified as potential targets for autoantibody reactivity in the colorectal cancer patients. These were primarily located in the amino-and carboxy-terminal regions, outside the mutation hotspots of the protein (Lubin et al, 1993; Schlichtholz et al, 1994) . It has been suggested that cancer-selective immuno-dominant p53 epitopes may help decrease false-positives and increase specificity assays (Schlichtholz et al, 1994; Vennegoor et al, 1997) . Our findings suggest that a selected p53-peptide biomarker assay has higher sensitivity and specificity compared with an ELISA assay using full-length denatured p53 protein (Figures 1 and 3, Supplementary  data 5 ).
The present study shows that p53 antibodies can be detected before diagnosis in a cohort of randomly selected normal-risk individuals. p53 autoantibodies had already developed in 10 of the 97 women at the time the first serum sample was collected 1.0-3.8 years before clinical diagnosis, whereas 13 women seroconverted during the course of the study 0.1-2.6 years before diagnosis. The lead time associated with p53 autoantibodies varied between the cancer patients from 3.8 years to less than 1 year before diagnosis. These findings are in keeping with a recent study on the presence of autoantibodies to HER2 and p53 in serum from breast cancer patients collected on average 153 days before time of diagnosis (Lu et al, 2012) . Similarly, autoantibodies to p53 have been reported before diagnosis of lung cancer in small cohorts of high-risk patients with COPD (Lubin et al, 1995; Trivers et al, 1996) or asbestosis, with an average lead time of 3.5 years (range: 1-12 years) (Li et al, 2005) . In addition, p53 autoantibodies have also been described before diagnosis of a variety of malignancies (Trivers et al, 1995) , but these earlier studies all have been limited to analysis of small number of patients in high-risk cohorts or at a single time point before diagnosis (Lubin et al, 1995; Trivers et al, 1995 Trivers et al, , 1996 Soussi, 2000; Li et al, 2005; Zhong et al, 2006; Qiu et al, 2008) . In our study, autoantibodies to p53 peptides increased as time progressed towards diagnosis, which is consistent with studies demonstrating an association between p53 autoantibodies and stage at diagnosis; in a study of 998 colorectal cancer patients, p53 autoantibodies were detectable in 29% with over 10 positive nodes, 12% with negative nodes, and 6% with carcinoma in situ (Tang et al, 2001) .
Although p53 autoantibodies do not possess sufficient diagnostic sensitivity to be used as the sole screening test, they could be combined with demographic and clinical parameters to build risk stratification scores needed in current colorectal screening programs. There are a plethora of validated screening tests with high specificities and reasonable sensitivities (colono/sigmoidoscopy, CT/MR colonography, capsule endoscopy, faecal DNA, and occult blood) but a major issue with these procedures is limited compliance. The hope is that a 'risk assessment evaluation' test may lead to higher acceptance of these procedures and improve compliance among the screening populations (Nielsen et al, 2011) . At present, a large Danish study of over 5000 individuals is underway to validate a risk assessment evaluation for colorectal cancer that combines demographic and clinical data with the biomarkers, carcino-embryonic antigen and tissue inhibitor of metalloproteinases-1 (Nielsen et al, 2011) . There is also the possibility of using methylation markers as part of such a risk assessment strategy in the future Tanzer et al, 2010) .
Many studies have combined markers to increase sensitivity of diagnostic autoantibody tests (Wang et al, 2005; Chatterjee et al, 2006) , and an autoantibody test consisting of a combination of six antigens, including p53 (p53, NY-ESO-1, CAGE, GBU4-5, Figure 3 . Pre-diagnostic serial samples from selected colorectal cancer patients to p53 peptides. Each graph represents a single colorectal cancer patient and autoantibodies to all the 18 p53 peptides investigated in the validation set. x-axis represents number of years before diagnosis. Graphs for p53 protein ELISA are marked with red colour. Left y-axis represents relative fluorescence units (RFU). Right y-axis represents U ml À 1 for ELISA results.
Annexin 1, and SOX2) has been validated in a large screening study of high-risk individuals for lung cancer (Boyle et al, 2011) . In addition, it was recently shown that a combination of p53 autoantibodies and CA125 levels increased sensitivity for ovarian cancer from 73.8% (CA125) to 85.7% (CA 125 þ p53 autoantibodies) (Lu et al, 2011) , illustrating the potential in combining well-known biomarkers with autoantibodies to p53.
To our knowledge, this is the first large-scale general population study exploring lead time of p53 autoantibodies in individuals before clinical diagnosis of cancer. The finding that p53 autoantibodies were elevated in one in four colorectal cancer patients up to 3.8 years before clinical diagnosis suggests that autoantibody signatures may be of value in risk stratification and cancer screening particularly in colorectal cancer.
